With the rapid pace of urbanization in populous regions, the conflict between economic development and eco-environment becomes increasingly notable, inducing policy makers to implement new technological solutions for regional sustainable growth. Choosing the East Zhejiang region in China as a case study, this paper reveals the interaction effects between technology-driven urbanization and eco-environment, by compiling novel indexes for factors such as the degree of urbanization, environmental pressure, environmental protection, and environmental quality from 2005 to 2014, and adopting a data-intensive systemic approach. Differing from previous literature, an inverted "U" structure and panel vector autoregressive model are constructed to show that: (i) Given the acceleration of technology-driven urbanization, its surrounding eco-environment is still likely to be under greater pressure; (ii) the relationships between technology-driven urbanization and environmental factors in different regions are heterogeneous, either with a normal U-shaped curve or an inverted U-shaped curve; and (iii) the two-way interaction effects are significantly unbalanced, with long-term contribution rates of environmental quality and pressure on urbanization to be 57.8% and 78.88%, respectively, which is higher than the reversal effect. This study provides scientific reference for urban planning and advocates that more technological innovations should be implemented to help maintain sustainable urbanization processes.
Introduction
There is a very complicated coupling relationship between urbanization processes and eco-environmental factors. Globally, the acceleration of urbanization has posed a real threat to its surrounding eco-environment (Button [1] ). How to maintain sustainable green growth becomes an important issue that both academia and policy makers pay close attention to, which is not only a key component for a country's short-term urban plan, but also the very way leading to long-term strategic development; policy makers start to implement technological innovations for green growth and sustainable resource management (Houkai [2] ). China, a fast developing country with a catching-up urbanization rate and troublesome environmental problems in recent years, provides us with a good opportunity to study the interaction effects between technology-driven urbanization and the eco-environment, especially given the circumstance that this country is currently undergoing a huge transition from traditional labor-intensive economy to technology-based economy (Liu et al. [3] ). development will exert pressure on the environment. When this pressure exceeds the carrying capacity of the environment, the eco-system will collapse. Therefore, environmental protection must be emphasized to ensure the balanced development of the environment and the economy. In Chinese studies, Xu et al. [15] studies the environmental impact of mining and urban erosion in Tsinling Mountains by remote sensing and the Geographic Information System (GIS). They find that the eco-system is most affected by the mining business in Feng, Shanxi and Baokang Counties, Hubei, China. Due to the influence of mining and urban erosion, the plight of the Tsinling Mountains sustainable eco-system is deteriorating. Infrastructures such as airport construction, tourist resorts, and real estate development have exacerbated the environmental problems. Ding and Peng [16] use high quality image data in 2000-2010 and take Dali Bai Autonomous Prefecture hospitals as an example. They comprehensively analyze the impacts of human activities on mountain environment from three perspectives, including urbanization, land use, and ecological carrying capacity. The results show that there is a mismatch effect between urbanization and environment status. With the urbanization process speeding up, the excessive and unreasonable development produces severe challenges to the sensitive ecological system.
On the other hand, researchers also find contradictory results regarding the relationship between urbanization and the eco-environment. Beckerman [17] believes that economic development is an effective means of environmental protection. Wang and Mao [18] take the Xiangxi Autonomous Prefecture of Wuling Mountain Area in China as the research object and establish an index system to uncover the dynamic relationship between urbanization and the eco-environment response. By using principal component analysis and adopting an impulse response function with variance decomposition, they find that the current urbanization in Xiangxi Autonomous Prefecture China leaves a positive effect rather than negative effects on the overall eco-environment quality measure and the environment pressure index. This positive influence implies that urbanization actually brings more positive benefits to the eco-environment. Liu [19] argues that the model of green city as one key way of urbanization is helpful for saving land and reducing the resources and energy waste. Lower energy consumption of green city will not necessarily lead to economic recession and lower the quality of life. By developing green economy and ecological management, it can effectively avoid the chaotic development of urban expansion, improve the quality of urban environment, and solve the environmental problems in the process of urbanization simultaneously.
In addition, researchers invent novel baseline hypotheses to test the target relationship between urbanization and eco-environment. Grossman and Krueger [20] propose an inverted "U"-shaped EKC curve hypothesis to examine the quantitative relationship between urbanization and the eco-environment. Based on this hypothesis, Hubacek et al. [21] introduce the basic idea of pollution coefficient in a basic IO model, considering all types of environmental pollution and resource consumption coefficients. They compare the quality of Chinese life and the change of the eco-environment in 2001 and 2020. The result shows that, while China is achieving economic growth, it will also suffer from a significant increase in the pressure on ecosystem services. Du and Liu [22] collect panel data of China's 30 provinces and build six grades of environment pollution indicators to extend the EKC hypothesis.
Apart from that, researchers also construct several models for empirical tests on the target relationship. Henderson [23] takes the perspective of urban population and believes that the aggregation of urban population has an optimal scale, which will produce a serious threat to the eco-environment of the surrounding areas. York et al. [24] , on the basis of introducing IPAT and ImPACT model, put forward a bilogarithmic model that can be decomposed and applied to the analysis. Hossain et al. [25] first considers the complex dynamics of social eco-systems through the system dynamics model (SD), based on climate change and current subsidy withdrawal policies. Their results show that withdrawal of 50% of the agricultural subsidies would result in higher temperature (2 • C) and rising sea levels. The results of the survey highlight the negative impact of this global policy and suggest that the World Trade Organization's (WTO) cancellation of agricultural subsidies actually put agriculture ecosystems at risk. Liu et al. [26] constructs the evaluation model of urbanization and eco-environment quality, which can effectively distinguish different development levels of the coordination. Qiao and Fang [27] establishes the idea of system evolution in a dynamic coupling model between urbanization and the eco-environment by means of the system theory, on the basis of mutual coercion and evolution mechanism. Rong and Fang [28] calculate the matching degree and interaction of urbanization and eco-environment in Anhui Province China by the entropy method and gravity model, based on the comprehensive index of urbanization and eco-environment for [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] . The results show that the degree of urbanization is rising, while the eco-environment quality is declining. The evolution trajectory of urbanization and eco-environment matching degree is M type, but the overall matching degree is poor. Sun et al [29] and Chen et al. [30] use the coupling coordination degree model, together with Yangtze river delta urban agglomeration data, to analyze the spatial characteristics and driving mechanism. Research shows that the coupling degree is the change of the inverted "U" curve and has the remarkable features of space agglomeration. At present, the new urbanization and ecological carrying capacity is in the transitional stage, while the overall coordination is in the low coordination stage. Li et al. [31] use Jiangsu Province in China as an example and adopt remote sensing and geographic information technology to estimate the net primary productivity of the area. By using an improved Carnegie-Ames-Stanford Approach (CASA) model and introducing piecewise linear regression method to evaluate influence of the urbanization process of Net Primary Productivity (NPP), they show that the urban land expansion for construction purpose is slowly rising; productivity of terrestrial ecosystems is also following a slowly rising trend, reflecting that the urban forest land, grassland, and farmland NPP compensate for the regional eco-system productivity loss.
To sum up, most scholars in this field focus on the driving mechanisms, evaluation methods, the coupling interactions, and the causal analysis between urbanization and the eco-environment. However, few papers provide exact quantitative measurements of the degree of urbanization and environmental factors based on scientific methodologies. Moreover, past literature fails to document direct evidence from a large-scale region where its urbanization process is partially driven by technology innovations and strongly conflicts with its surrounding eco-environment, such as cities in a major developing country. In fact, taking the technology-driven urbanization road is the inevitable direction of China's economic transformation and development. Therefore, this paper takes Zhejiang Province in China as an example and uses panel data of 11 prefecture-level cities from 2005-2014 to conduct empirical research on the relationship between technology-driven urbanization and the eco-environment, in which the technology-driven urbanization is defined as urbanization driven by the introduction and agglomeration of regional education and expenditure on scientific undertakings. On the one hand, the inverted "U" structure relationship of urbanization and eco-environmental protection, quality, and pressure are qualitatively analyzed, on the other hand, through the unit root and co-integration test of panel data, a PVAR model is established to further quantify the interaction effects between technology-driven urbanization and the eco-environment. It is therefore expected that this study will provide a solid quantitative scientific decision-making basis for future relevant studies.
Research Methods
In order to find out the realistic characteristics of Zhejiang region in the Yangtze River Delta, which is a representative region of China, this paper first introduces the famous U-shaped structure theory of interaction between urbanization and the ecological environment. Secondly, embedded technology-driven urbanization index and eco-environmental indexes in different latitudes are constructed by the principal component analysis (PCA) method. Further, the U-shaped relationship between technology-driven urbanization and the ecological environment is revealed by visual and intuitive curve relationship. Finally, the indexes in different latitudes are incorporated into the dynamic panel vector autoregressive model to discuss the degree and effect of the interaction between technology-driven urbanization and ecological environment. The main considerations of the methods used in this paper are as follows: (1) The Principal Component Analysis (PCA) method can not only objectively and data-driven realize the weight distribution between the urbanization and the multi-dimensional evaluation indexes of ecological environment, but also ensures that the original highly correlated indexes are converted to the comprehensive score index under the contribution rate of the unrelated components by the orthogonal linear transformation algorithm. (2) The dynamic panel autoregressive model is more suitable for research on the interaction effects between technology-driven urbanization and the eco-environment. The reason lies in the obvious time lag, dynamics, and endogeneity between technology-driven urbanization and the ecological environment. The nonlinear models such as supervised machine learning methods' advantages may lie in data-driven modeling and the accuracy of prediction and may not be able to achieve the desired analytical purpose.
The following section will introduce the theory and the measurement model used in this paper, including unit root test and integration test methods for panel data. The corresponding empirical analysis can be found in Section 4.
"U" Structure of the Interaction Effects between Urbanization and Eco-environment
Crossman and Krueger [32] find that the relation between environment and income is inverted "U"-curve relationship, as shown in Figure 1 . Environmental degradation increases together with the growth of the economy at first, and then decreases accordingly. The main considerations of the methods used in this paper are as follows: (1) The Principal Component Analysis (PCA) method can not only objectively and data-driven realize the weight distribution between the urbanization and the multi-dimensional evaluation indexes of ecological environment, but also ensures that the original highly correlated indexes are converted to the comprehensive score index under the contribution rate of the unrelated components by the orthogonal linear transformation algorithm. (2) The dynamic panel autoregressive model is more suitable for research on the interaction effects between technology-driven urbanization and the eco-environment. The reason lies in the obvious time lag, dynamics, and endogeneity between technology-driven urbanization and the ecological environment. The nonlinear models such as supervised machine learning methods' advantages may lie in data-driven modeling and the accuracy of prediction and may not be able to achieve the desired analytical purpose.
Crossman and Krueger [32] find that the relation between environment and income is inverted "U"-curve relationship, as shown in Figure 1 . Environmental degradation increases together with the growth of the economy at first, and then decreases accordingly. 
where z is the deterioration degree of eco-environment, y is the urbanization level, and m , n , a , b are pending parameters, respectively.
In theory, according to the double exponential function, the ecological pressure increases first and then decreases, together with the progress of urbanization. In other words, the deterioration and pollution of the eco-environment may become worsened in the first place, and then become alleviated. This is the famous U-shaped structure theory of the relationship between urbanization and the eco-environment. [33] theoretically propose a dual exponential function representing the relationship between urbanization and the eco-environment:
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In theory, according to the double exponential function, the ecological pressure increases first and then decreases, together with the progress of urbanization. In other words, the deterioration and pollution of the eco-environment may become worsened in the first place, and then become alleviated. This is the famous U-shaped structure theory of the relationship between urbanization and the eco-environment.
Econometric Modeling
Panel Unit Root Test
In order to avoid the "false regression problem" in panel data model estimation and ensure the validity of the estimation result, the stationarity of each panel sequence should be tested. However, prior literatures have ignored this point and falsely construct an obviously unreasonable vector autoregressive model. The unit root test is the most commonly used method to test the stationarity of data, which makes full use of the information of the section units and greatly improves the test validity, compared with the general unit root test. This paper follows the test method proposed by Levin et al. [34] . The null hypothesis in each time series contains a unit root.
Firstly, augmented dickey-fuller (ADF) test is performed for each section according to Equation (2) .
Secondly, two auxiliary regressions for ∆y it given y i,t−1 , ∆y i,t−L , d it are established, respectively, to obtain the residualê it andv i,t−1 .
Then, normalize the residualê it andv i,t−1 and finally perform a mixed least squares regression:
The Levin-Lin test takes into account the sequence correlation problems of the error term. It is suitable for panel data with more time series and shorter time periods. Once the original hypothesis (ρ = 0) is rejected, all the cross section sequences will be considered to be stationary.
Panel Cointegration Test
Panel cointegration is to determine whether there is a cointegration relationship between linear combinations of two or more non-stationary time series. Panel data passing the panel unit root test does not necessarily mean that the sequence is a smooth time series. Therefore, in order to avoid false regression, it is necessary to verify whether there is cointegration relationship between models. The current panel cointegration test is based on the residual panel data cointegration test. The residual analysis is based on the assumption that the long-term cointegration coefficients between the variable level values are equal to the short-term ones of the variable first order difference; this may reduce the effectiveness of the panel unit root test method. To solve this problem, Westerlund [35] constructs four statistics based on the panel cointegration structure, which are Panel G τ -stat, Panel G α -stat, Panel P τ -stat, and Panel P α -stat. The alternative hypotheses of the first two test statistics are that there is a cointegration relationship for the panel data in general; the other two alternative hypotheses are that there is at least a cointegration relationship between the panel data. The four statistics are subject to standard normal distribution. The basic idea is to conduct panel cointegration test based on error correction model regression. If there is a cointegration relation, the error correction coefficient is not equal to zero. The cointegration test can avoid the problem of "identical factor restrictions", i.e., the long-term error correction coefficients are not equal to the short-term dynamic adjusted coefficients. Meanwhile, the cointegration test allows cross-sectional heterogeneity and sequence correlation. Therefore, we use this method to implement the empirical test.
Panel Vector Autoregression Model
Strictly speaking, the research of panel data vector autoregression model started from the pioneering research of Pesaran et al. [36] . Given work done by McCoskey and Kao [37] , Westerlund [38] , and other scholars, it has become a well-defined model that combines the advantages of both time series and panel data analysis. The model for establishing the n-order panel vector auto regression (PVAR) is as follows: where Z it is the column vector of endogenous variable, u i is the column vector of exogenous variable, j is the lagged order, i is the number of cities, t is the time, Γ j is the coefficient matrix to be estimated, and ε it is the random disturbance term. The panel data vector autoregressive model is an extension of the traditional vector autoregression (VAR) method. It is no longer necessary to distinguish between the endogenous and exogenous variables. Instead, all the variables are considered to be endogenous, which can truly reflect the interaction between each other. An orthogonalization impulse response function derived from this model can separately present the impact trajectory of an endogenous variable, and the degree of influence of one variable on others can be obtained by variance decomposition. Lastly, this model allows for unobservable individual differences while capturing the common effects that influence the cross-section observations.
Further, given that the panel data is a small sample structure, a Generalized Matrix Estimation (GMM) method is adopted to empirically implement the PVAR model. Time difference is firstly removed on the cross section data, followed by the removal of the individual fixed effect, i.e., the Heavert process. With respect to the choice of lag order, we use the t-statistic of the generalized matrix estimation coefficient and the convergence of the impulse response function. In the end, this paper selects the PVAR model of lag 1, shown as follows:
where Y i,t = {Urbanization Index x 1 , Environmental Protection Index x 2 , Link Level Index x 3 , and Environmental Pressure Index x 4 }, i indicates the number of interfaces in each city, t expresses the year, Γ 0 represents a constant coefficient vector, and Γ 11 is a 4 × 4 estimated coefficient matrix.
Empirical Analysis
Data
To carry out empirical analysis for the interaction effects between technology-driven urbanization and the eco-environment, in the aspect of urbanization, there are endogenous problems in the factors of technical progress, economy and space, population, and society. We select these five aspects of urbanization as far as possible, including 22 indicators. In the aspect of ecological environment, we take into account three factors: Environmental protection, environmental level, and environmental pressure, involving 12 variable indicators. We collect sample data from China City Statistical Yearbook, Zhejiang Statistical Yearbook from 2006 to 2015, and the Statistical Yearbook of 11 cities that form the urbanization agglomeration in Zhejiang Province (Hangzhou, Ningbo, Jiaxing, Huzhou, Shaoxing, Zhoushan, Wenzhou, Jinhua, Quzhou, and Lishui Taizhou). In terms of the environmental level, the per capita area of public green space and the per capita water supply are used to describe the environmental level, which is the most direct indicator for obtaining relatively long time series in the current statistical yearbook. The standard rate of industrial wastewater, Engel coefficient, and carbon dioxide measurement were all based on our calculations. In order to reduce data heteroscedasticity, control data fluctuation, and adjust the range of other variables, the measurements were all logarithmized. In particular, we incorporated "Number of internet registrations", "Expenditure on scientific undertakings", "Talent resources", and "Mobile phones" categories when we built the index for urbanization, which capture the dimension of the progress of science and technology in the region, as shown in Table 1 . 
Construction of Indexes Based on Principal Component Analysis
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In Jinhua area, technology-driven urbanization and environmental protection curves are inverted U-shaped. With the urbanization process, the environmental quality is decreasing and the environmental pressure is increasing.
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Environmental quality and protection curves related to technology-driven urbanization in Taizhou area are inverted U-shaped. Environmental pressure is on the rise with urbanization.
Lishui
With the technology-driven urbanization process in Lishui area, the environmental quality is gradually increasing, and the environmental protection is catching up.
PVAR Model Results
In addition, based on the constructed indexes of urbanization, environmental protection, environmental quality, and pressure, this paper constructs a Panel Vector Autoregressive (PVAR) model to quantitatively measure the interactions between technology-driven urbanization and the eco-environment. According to a previous analysis, a unit root test must be performed on the panel sequence first. The results are shown in Table 4 . The P-value of the test statistic is less than 0.05, which means that the original hypothesis is rejected, i.e., the panel sequences are stationary. Additionally, given the panel cointegration test proposed by Westerlund [38] , results are shown in Table 5 . The P-values of the test statistics are all less than 0.05, meaning that the original hypothesis is rejected, i.e., all the panel sequences are cointegrated. This result indicates that the establishment of PVAR model for the empirical test is statistically valid. 
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In addition, based on the constructed indexes of urbanization, environmental protection, environmental quality, and pressure, this paper constructs a Panel Vector Autoregressive (PVAR) model to quantitatively measure the interactions between technology-driven urbanization and the eco-environment. According to a previous analysis, a unit root test must be performed on the panel sequence first. The results are shown in Table 4 . The P-value of the test statistic is less than 0.05, which means that the original hypothesis is rejected, i.e., the panel sequences are stationary. Finally, according to the estimation results in Table 6 , applying the PVAR model, we find that technology-driven urbanization has a positive effect on the environmental protection measure in lag 1, meaning that, although less significantly, the environmental protection level is increased during the urbanization process. Meanwhile, it also positively influences urbanization and contributes to a region's economic development. In addition, the degree of urbanization positively influences environmental quality in the first phase, while higher environmental quality requires less urbanization. Lastly, with a higher degree of urbanization, environmental pressure becomes intensified; in turn, higher environmental pressure impedes the progress of urbanization. 
Results from the Impulse Response Function
It can be seen from Figure 2 that environmental protection has a significant short-term effect on technology-driven urbanization development. This curve tends to be stable in the fourth period, indicating that the two have reached equilibrium given time. Additionally, the urbanization process has a long-term influence on environmental protection; various areas attach importance to it. Later however, with the further progress of urbanization, the protection level lags behind. The development of environmental quality still has a certain influence on urbanization, but it becomes less significant; at the same time, urbanization continues to influence the environmental quality, showing a significant reduction effect. It also has certain influence on environmental pressure factors in a short period of time too, while the reversal effect still exists. Lastly, with the development of urbanization, the pressure of the environment is increased to a stage that urbanization degree and the pressure level to eventually achieve equilibrium.
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Results from Variance Decomposition
With the help of the impulse response function and variance decomposition, the response of technology-driven urbanization to eco-environmental shocks and its time delay are further illustrated, shown in Table 7 . The long-term contribution rate of environmental protection to urbanization is 5.1%; the fluctuation of environmental protection has a certain impact on the change of urbanization, though not very significant. The long-term contribution rate of urbanization to environmental protection is 27.35%, five times that of the reverse (5.1%), indicating that the two-way interaction effects between urbanization and environmental protection are not balanced. Lastly, the long-term contribution rate of environmental quality impact on urbanization is 57.8%; changes in 
With the help of the impulse response function and variance decomposition, the response of technology-driven urbanization to eco-environmental shocks and its time delay are further illustrated, shown in Table 7 . The long-term contribution rate of environmental protection to urbanization is 5.1%; the fluctuation of environmental protection has a certain impact on the change of urbanization, though not very significant. The long-term contribution rate of urbanization to environmental protection is 27.35%, five times that of the reverse (5.1%), indicating that the two-way interaction effects between urbanization and environmental protection are not balanced. Lastly, the long-term contribution rate of environmental quality impact on urbanization is 57.8%; changes in environmental quality have a significant impact on urbanization while the reversed impact is 32.75%. The long-term contribution rate of environmental pressure on urbanization is 78.88%, while the reverse is 7.49%. This means the impact of urbanization on environmental pressure will gradually decrease, which is in line with the characteristics of an inverted U-shaped curve. 
Discussions and Closure
In summary, based on the relevant data we can get from the statistical yearbook and considering some of the aspects of urbanization and environmental factors may not be directly measured by existing data, this paper adopts proxy data as effective as possible and principal component analysis to construct indexes for the degree of technology-driven urbanization and several environmental factors. Based on a novel PVAR model with two sub-tests for the panel data properties, we find that during the process of early rapid urbanization period, populous technology-driven urbanization agglomerations like those in East Zhejiang region in China are still under great environmental pressure, which means that the current level of technological innovation is not sufficient enough to release the tension between urbanization and the eco-environment. In terms of environmental quality, most regions show a downward trend, especially in top-tier cities such as Hangzhou and Ningbo. In terms of environmental protection, most regions show an upward trend, indicating that the development of urbanization will lead to increasing awareness to protect the environment, though the actual environment quality is hardly improved.
Further, by using the constructed indexes, we document U-structure relationships between technology-driven urbanization and environmental factors, exactly as what prior theory predicts. We also find that the U-structure shows heterogeneity over different regions, sometimes with inverted U-shaped curves for a few cities. According to the analysis of impulse response function and variance derived from the PVAR model, we find that the long-term contribution rate of urbanization to environmental protection is 27.35%, which is approximately five times the contribution rate of environmental protection to urbanization (5.1%)-this implies that the two-way interaction effects between urbanization and environmental protection are not balanced. Additionally, the long-term contribution rates of environmental quality and pressure on urbanization are 57.8% and 78.88%, respectively-this implies that emissions such as CO2 have significant impacts on urbanization.
Based on the above findings, we come up with a few take-aways. Given technology progress, urban plans should take environmental factors into consideration when being initiated. For example, policy makers for cities like Ningbo China should carefully investigate into giant manufacturing enterprises and strictly implement environmental protection measures while developing the technology-driven urbanization policies; public green space should be rationally arranged for urban planning and environmental protection purposes. Further, the government and other relevant parties in developing countries should pay special attentions to the problems caused by CO2 and other emissions, to help reduce environmental pressure. Given China is currently undergoing a transition period from labor-intensive economy to technology-based economy, it seems that policy makers should emphasize technological innovations and resource management more to maintain regional sustainability, which can be fully integrated in the urbanization process.
